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The role of cell interactions during early neoplastic
progression in human skin is not well understood.
We report that the fate and behavior of low-grade
malignant cells in stratified epithelium is dependent
on their interactions with neighboring cells and with
extracellular matrix during the early events in neo-
plastic progression. We utilized an organotypic tissue
model which mimics premalignancy to monitor
malignant cells (II-4) genetically marked with b-gal
and grown in the context of either normal human
keratinocytes or the immortalized cell line HaCaT.
HaCaT cells were permissive for clonal expansion of
II-4 cells at ratios of 4:1, 12:1, and 50:1 (HAC:II-4)
when compared with coculture with normal human
keratinocytes. This II-4 cell expansion was associated
with the failure of neighboring HaCaT cells to induce
differentiation and cell cycle withdrawal of II-4, as had
been seen in the context of normal human keratino-
The growth of transformed cells has been shown to belimited by interactions with adjacent, normal cells(Berwald and Sachs, 1963; Stoker et al, 1966). Severalstudies have shown that these suppressive interactionsare mediated by direct contact between these two
cell populations (Loewenstein, 1981; Mehta et al, 1986) whereas
control through paracrine regulation by a secreted factor has also
been suggested (Martin et al, 1991). Normal dermal fibroblasts
have been shown to suppress the growth of neighboring virally
transformed mouse keratinocytes (Dotto et al, 1988; Ramon et al,
1994). There is in vivo (Terzaghi-Howe, 1987; Gillett et al, 1989;
Strickland et al, 1992) and in vitro (Terzaghi-Howe, 1987, 1989;
Hennings et al, 1990, 1991, 1992; Bauer, 1996) evidence that
normal mesenchymal and epithelial cells in the microenvironment
can alter the neoplastic potential of carcinogen-initiated rodent
epithelium. We have previously extended these findings to show
that normal human skin keratinocytes can similarly suppress the
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cytes. When 12:1 mixtures (NHK:II-4) were stripped
of all suprabasal cells and regrown, all b-gal cells were
lost showing that these normal human keratinocyte-
suppressed II-4 cells had been actively sorted to a
suprabasal position where their clonal expansion was
limited. These growth-suppressive effects of normal
human keratinocytes were found to be conditional on
direct cell–cell contact, as II-4 formed colonies when
trypsinized from 12:1 (NHK:II-4) mixtures and grown
at clonal density in submerged culture. The distribu-
tion and behavior of low-grade malignant cells was
therefore dependent on the state of transformation of
adjacent keratinocytes and on cell–matrix interactions.
These results demonstrate that alterations in the cellu-
lar microenvironment are central to the induction of
clonal expansion and early neoplastic progression in
stratified epithelium. Key words: intraepithelial neoplasia/
organotypic culture/tumor suppression. J Invest Dermatol
113:384–391, 1999
neoplastic phenotype in stratified epithelium with three-dimen-
sional tissue architecture (Javaherian et al, 1998). This growth
suppression limits clonal expansion of transformed cells and prevents
expression of the neoplastic phenotype.
Alterations in the cell microenvironment have been implicated
in relieving the growth-inhibitory constraints imposed by normal
cells. Stimuli such as the tumor promoter 12-O-tetradecanoylphor-
bol-13-acetate (TPA) (Dotto et al, 1975; Fitzgerald and Yamasaki,
1990; Hennings et al, 1991, 1992), ultraviolet light (Herschman
and Brankow, 1986; Herschman and Brankow, 1987) and expression
of the ras oncogene (Dotto et al, 1989; el-Fouly et al, 1989) have
been shown to interfere with the inhibitory effects of normal cells
and allow growth of cells in monolayer culture. We have recently
shown that TPA enables clonal expansion of malignant human
keratinocytes through the modification of neighboring normal cells
in an in vitro tissue which mimics precancer (Karen et al, 1999).
With progression of incipient neoplasia, dysplastic foci may be
surrounded by cells which have also undergone early stages of
neoplastic transformation. The influence of interactions between
malignant cells and those surrounding cells which are also trans-
formed are not well understood due to a lack of tissue models
which allow such interactions to be directly studied. For example,
it is not known if surrounding malignant keratinoctyes with
phenotypically altered cells could alter the homotypic control
induced by normal cells and create conditions conducive for clonal
expansion and early neoplastic progression.
The goal of this study was to examine the role of cell–cell and
VOL. 113, NO. 3 SEPTEMBER 1999 CELL INTERACTIONS AND NEOPLASTIC PROGRESSION 385
cell-extracellular matrix interactions in regulating the phenotype,
behavior, and clonal expansion of low-grade malignant cells in
stratified epithelium. We determined that early stage immortalized
keratinocytes are not able to suppress clonal expansion of such
malignant cells whereas normal keratinoctyes are growth suppress-
ive. In addition, the nature of the keratinocytes in the microenviron-
ment can control the position and phenotype of these cells. Our
findings suggest that it is not enough for a cell to have malignant
potential, rather, it must be in a permissive environment in order
to abrogate normal cell control and enable neoplastic progression.
These findings have implications for understanding factors control-
ling early neoplastic progression within stratified squamous epithlelia
demonstrating incipient neoplasia.
MATERIALS AND METHODS
Cell culture Normal human epidermal keratinocytes (NHK) were cul-
tured from newborn foreskin by the method of Rheinwald and Green
(1975) in keratinocyte medium described by Wu et al (1982). Cultures
were established through trypsinization of foreskin fragments and grown
on irradiated 3T3 fibroblasts. 3T3 cells were maintained in Dulbecco’s
modified Eagle’s medium containing 10% bovine calf serum. II-4 ker-
atinocytes were grown in Dulbecco’s modified Eagle’s medium containing
5% fetal bovine serum. Organotypic cultures were prepared by adapting
the protocol developed by Organogenesis (Canton, MA) (Parenteau, 1994).
Briefly, early passage human dermal fibroblasts were added to neutralized
type I collagen (Organogenesis) to a final concentration of 2.5 3 104 cells
per ml. Three milliliters of this mixture was added to each 35 mm well of
a six-well plate and incubated for 4–6 d, until the collagen matrix showed
no further shrinkage. At this time, a total of 5 3 105 NHK, II-4-gal cells,
or mixtures of these two cells types were plated on the contracted collagen
gel. Cultures were maintained submerged in low calcium epidermal growth
media for 2d, submerged for 2d in normal calcium epidermal growth
media and raised to the air–liquid interface by feeding from below with
normal calcium cornification medium for 3 d as previously published
(Vaccariello et al, 1999). For proliferation assays, bromodeoxyuridine (BrdU)
(Sigma, St Louis, MO) was added to organotypic cultures 8 h prior to
harvesting at a final concentration of 10 µM.
Retroviral vectors and transduction of keratinocytes The MFG-
gal vector is a moloney murine leukemia virus-based vector which
contains the gene for bacterial β-galactosidase (β-gal) (Dranoff et al, 1993).
Transduction of II-4 cells with this vector was performed as previously
described (Garlick, 1994). Briefly, II-4 cells were transduced 24 h after
plating 1 3 106 cells in a 100 mm dish using fresh, filtered (0.45 µm,
Gelman, Ann Arbor, MI) supernatant from confluent amphotropic cells
producing the MFG-gal vector. Transduced keratinocytes were passaged
at clonal density and clones were screened for persistence of transgene
expression after three passages. Only II-4 clones maintaining transgene
expression in 100% of cells were expanded and used for organotypic culture
and grafting experiments. No deleterious effect on cell growth or phenotype
were seen after transduction. Producer lines were maintained in 10%
bovine calf serum.
Stripping of suprabasal cells in low calcium medium, clonal growth
of suprabasal keratinocytes isolated from organotypic cultures and
regrowth of basal cells in organotypic culture Low calcium medium
was used to strip suprabasal cell layers from organotypic cultures by adapting
the protocol described for submerged cultures (Read and Watt, 1988).
Low calcium Eagle’s medium was prepared by mixing minimal essential
medium without calcium or magnesium (GIBCO BRL, Gaithersberg,
MD) with nonessential amino acids (GIBCO BRL) and 10% fetal bovine
serum, which had been depleted of divalent cations by treatment with
Chelex 100 (BioRad, Richmond, CA). Organotypic cultures were grown
submerged for 4 d and then incubated in low calcium Eagle’s medium for
60 h. Detached sheets of suprabasal keratinocytes were then incubated for
2 h in 0.05% trypsin to obtain single cells and plated in submerged culture
on a feeder layer of irradiated 3T3. Clonal growth assays were performed
by seeding suprabasal cells isolated from organotypic cultures of normal
keratinocytes, II-4 cells, and mixtures of these cell types at clonal densities
by plating 100 cells in 60 mm dishes. Cultures were grown for 2 wk and
double stained with X-gal (Sigma) to detect the genetically marked II-4
colonies, and Rhodamine (Sigma) to detect NHK. NHK colonies were
easily distinguished by their pink color, which differed from the II-4 cells
which appeared purple due to the combination of the pink (rhodamine)
and indigo-blue (X-gal) stains seen only in II-4 colonies. The remaining
organotypic construct consisting of the basal cells and collagen matrix was
bisected and one-half of the culture was processed for frozen and paraffin-
embedded tissue analysis. The other half was regrown in organotypic
culture in low calcium epidermal growth media for 2 d, submerged for
2 d in normal calcium epidermal growth media and raised to the air–liquid
interface for 6 d. After recovery and stratification, cultures were processed
for immunohistochemistry and hematoxylin and eosin staining as
described below.
Immunofluorescence Specimens were frozen in embedding media
(Triangle Biomedical, Durham, NC) in liquid nitrogen vapors after being
placed in 2 M sucrose for 2 h at 4°C. Tissues were serial sectioned at 6 µm
and mounted on to gelatin-chrome alum-coated slides. Tissue sections
were washed with phosphate-buffered saline and blocked with 10 µg per
ml goat IgG, 0.05% goat serum, and 0.2% bovine serum albumin, vol/vol
in phosphate-buffered saline without fixation. Sections were incubated
with rabbit polyclonal anti-serum to bacterial β-gal (Cortex Biochem., San
Leandro, CA) and detected with fluorescein isothiocyanate-conjugated
goat anti-rabbit IgG (Vector Labs, Burlingame, CA). Double stain immuno-
fluorescence was performed by double-staining for β-gal detection and by
using either a monoclonal antibody to BrdU (Boehringer Mannheim,
Indianapolis, IN) or to human filaggrin (Biomedical Technologies, Stough-
ton, MA), which were detected with Texas Red-conjugated horse anti-
mouse IgG (Vector Labs). Slides were coverslipped with Vectashield
containing 1 µg 49,6 diamidino-2-phenylindole per ml (Vector Labs).
Fluorescence was visualized using a Nikon OptiPhot microscope and
double exposure photomicroscopy was performed using fluorescein isothi-
ocyanate and Texas Red filters. For routine light microscopy, tissues were
fixed in 10% neutral buffered formalin, embedded in paraffin and 4 µm
sections were stained with hematoxylin and eosin.
Indices of proliferation and clonal expansion To extend the observa-
tions gleaned from immunohistochemical analysis, clonal expansion and
proliferation were quantitated in five tissue sections which were roughly
100 µm apart from each other after serial section. The degree of clonal
expansion was characterized as the number of β-gal positive cells divided
by the total number of cells in the tissue section. Proliferation indices were
calculated as the percentage of suprabasal β-gal positive cells which were
in S-phase during the BrdU pulse, by counting the number of suprabasal
cells which coexpressed β-gal and BrdU. These sections were counterstained
with 49,6 diamidino-2-phenylindole to allow identification and counting
of non-BrdU-labeled nuclei.
RESULTS
HaCaT cells are permissive for clonal expansion of II-4
cells We first hoped to determine the extent to which homotypic
control of the malignant phenotype in stratified epithelium depends
on the state of transformation and stage of neoplastic progression
of cells in the microenvironment. To accomplish this, the distribu-
tion of genetically marked II-4 cells was determined after mixing
with either NHK or the immortalized, but nontumorigenic,
parental HaCaT line. This was performed in an organotypic culture
construct which we had demonstrated previously to represent a
biologically relevant model system which mimicked premalignant
epithelium (Javaherian et al, 1998). At all mixing ratios, II-4 cells
demonstrated larger β-gal positive clusters when surrounded by
HaCaT cells than when grown in the context of NHK (Fig 1).
This was most striking in the 4:1, 12:1, and 50:1 ratios which
demonstrated single II-4 cells in NHK context (Fig 1c, e, g) and
expanded II-4 clones when mixed with HaCaT cells (Fig 1d, f,
h). When the percentage of β-gal positive II-4 cells in mixtures
was calculated by measuring the fraction of cells which expressed
the β-gal transgene, cultures which initially contained 8.3% β-gal
positive II-4 cells when mixed with HaCaT (12:1 ratio), expanded
to 24.3% after 7 d in organotypic culture (Table I). In contrast,
the percentage of β-gal positive II-4 cells remained constant when
these cells were grown in an environment of normal keratinocytes.
A similar, but less dramatic increase in β-gal positive cells was seen
for 1:1 mixtures (HaCaT:II-4). This provided direct evidence that
the cellular microenvironment could be permissive for clonal
growth of low-grade malignant cells such as II-4.
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Figure 1. Potentially malignant II-4 keratino-
cytes undergo clonal expansion in the context
of HaCaT cells, but not when surrounded by
normal keratinocytes. II-4 keratinocytes were
mixed with either NHK at ratios of 1:1 (a), 4:1
(c), 12:1 (e), and 50:1 (g) or with HaCaT (HAC)
keratinocytes at ratios of 1:1 (b), 4:1 (d), 12:1 (f), and
50:1 (h). Mixed cultures were grown for 7 d in
organotypic culture and stained for β-gal expression
in multiple sections. Individual β-gal positive cells are
indicative of failure of II-4 cells To proliferate and
undergo expansion (arrows in e and g) whereas expan-
sion is seen as clusters of β-gal positive cells. In
1:1 mixtures, II-4 cells grown with HAC cells,
demonstrate larger β-gal positive clusters (b) than those
grown with NHK (a). This was most dramatically seen
for 4:1, 12:1, and 50:1 mixtures of II-4 and HAC
cells demonstrating that this combination of cells
was permissive for clonal growth of the low-grade
malignant II-4 cells. Scale bar: 100 µm.
Table I. HaCaT keratinocytes are permissive for the
expansion of II-4 keratinocytes and allow their
proliferation in a suprabasal position
Ratio % β-gal cells % β-gal cells % BrdU positive and
at time of after 7 d β-gal positive cells
mixing culture in a suprabasal
position
12:1 (NHK:RII) 8.3% 8.5% 0
1:1 (NHK:RII) 50% 49.4% 12.7%
12:1 (HaCaT:RII) 8.3% 24.3% 5.1%
1:1 (HaCaT:RII) 50% 66.0% 10.8%
Expansion of II-4 cells in a permissive environment is
associated with their continued proliferation and no induc-
tion of terminal differentiation In order to determine whether
the expansion of II-4 cells in a particular microenvironment was
associated with phenotypic changes in II-4 cells, we studied the
proliferation and differentiation of these cells when mixed with
either HaCaT or NHK. Double immunofluorescence staining for
BrdU incorporation and β-gal positive cells showed the continued
proliferation of II-4 cells when grown with HaCaT cells in a 12:1
ratio (Fig 2b). On the other hand, the lack of β-gal and BrdU
colocalization in II-4 cells in 12:1 (NHK:II-4) mixtures (Fig 2a)
showed that these II-4 cells were growth suppressed.
This was further illustrated when the percentage of II-4 cells
which proliferated in a suprabasal position was determined for 12:1
mixtures (Table I). When mixed with normal cells in a 12:1 ratio,
no proliferating II-4 cells were detected whereas 5.1% of suprabasal
II-4 were BrdU positive in the context of HaCaT cells. This
suprabasal distribution of proliferating II-4 cells was also seen for
pure cultures of II-4 (Fig 2g) and HaCaT cells (Fig 2i). Interestingly,
at mixing ratios of 1:1, suprabasal II-4 cells in both HaCaT and
normal keratinocyte microenvironments continued to proliferate
to a similar to degree (Table I).
When 12:1 mixtures were stained by double immunofluores-
cence for filaggrin and β-gal, it was noted that suprabasal II-4 cells
surrounded by HaCaT did not express filaggrin (Fig 2d). On the
other hand, in an environment of NHK, individual β-gal positive
II-4 cells expressed filaggrin, as evidenced by the yellow stromal
cells, which was due to colocalization of cytoplasmic β-gal (green
color) and filaggrin (red color) (Fig 2c, arrows). This was surprising
as control cultures of pure II-4 cells only showed faint filaggrin
staining in suprabasal cells (Fig 2h). This provided evidence that
contact with normal cells had induced differentiation in some II-4
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Figure 2. Expansion of II-4 keratinocytes in a
permissive environment of HaCaT cells is
associated with their ongoing proliferation and
failure to undergo terminal differentiation.
Double-immunofluorescence stains of 7 d organo-
typic cultures for markers of proliferation (BrdU) and
differentiation (filaggrin) were performed for 12:1
mixtures of NHK and II-4 keratinocytes (a, c), for 12:1
mixtures of HaCaT (HAC) keratinocytes and II-4
keratinocytes (b, d) and for pure cultures of NHK (e,
f), II-4 (g, h), and HAC (i, j). (a, b, e, g, i) Superimposed
immunofluorescence signals for β-gal (fluorescein
isothiocyanate channel, green) and BrdU (Texas
Red channel, red). (c, d, f, h, j) Superimposed
immunofluorescence signals for β-gal (fluorescein
isothiocyanate channel, green) and filaggrin (Texas
Red channel). (a) Mixed 12:1 cultures (NHK:II-4)
demonstrating BrdU-positive nuclei limited to basal
NHK and no proliferation of suprabasal II-4 cells
which are β-gal positive. Individual β-gal cells lack
colocalization of β-gal and BrdU suggesting
withdrawal of II-4 cells from cell cycle in NHK
context. (b) In addition to proliferation of basal NHK,
suprabasal II-4 cells in 12:1 mixtures (HAC:II-4)
demonstrate colocalization of BrdU and β-gal (arrows)
suggesting that II-4 continue to proliferate when
surrounded by HAC. (c) NHK:II-4 (12:1) mixture
demonstrating yellow suprabasal cells (arrows) due to
coexpression of β-gal and filaggrin (FIL). This
demonstrated that nonproliferating II-4 were also
forced to undergo differentiation when surrounded by
NHK, which also express FIL. (d) HAC:II-4 (12:1)
mixture demonstrating expanded clusters of II-4 cells
which do not express FIL. A few surrounding HaCaT
express FIL (arrow). (e) Pure NHK cultures
demonstrating BrdU-positive nuclei limited to the
basal layer and no β-gal expression. (f) NHK
demonstrating the presence of filaggrin in the
superficial layers of the epithelium and no β-gal
expression. (g) Pure II-4 cultures demonstrating
BrdU-positive nuclei in basal and suprabasal layers. (h)
Pure II-4 cultures demonstrating that all II-4 cells
express β-gal and only isolated areas with punctate FIL
expression are seen by faint yellow stain. (i) Pure HAC
cultures demonstrating BrdU-positive nuclei in basal
and suprabasal layers and no β-gal expression. (j) Pure
HAC cultures demonstrating faint, punctate FIL
staining (arrow). Nuclei were counterstained with 49,6
diamidino-2-phenylindole. The dermal–epithelial
interface is marked with the white dotted lines. Scale
bar: 100 µm.
cells, thus limiting their expansion. In contrast, HaCaT cells did
not have the same effect on the expanding II-4 cells, as only a
patchy distribution of filaggrin expression was seen in HaCaT
surrounding II-4 cells (Fig 2d) and in pure HaCaT cultures (Fig 2j).
These findings suggested that HaCaT cells could not limit the
growth of these II-4 cells as the NHK environment did. These
effects on II-4 growth were not seen when a critically large number
of II-4 cells was added to either normal or HaCaT cells in a 1:1
ratio (data not shown). This suggested that a critical threshold
number of NHK successfully suppressed the growth of II-4 cells
whereas this control capacity was considerably reduced in the
context of an immortalized cell line.
Cell-cell contact is required for suppression of II-4 cells As
growth of suprabasal II-4 cells was suppressed by NHK in 12:1
mixtures, it was then studied if II-4 cells could resume growth
when this tissue was disaggregated and single cells regrown in
submerged cultured. To ensure that only suprabasal II-4 cells were
isolated from mixtures, 5 d organotypic cultures (Fig 3a) were
switched to low calcium media for 60 h in order to strip all
suprabasal cell layers while leaving basal cells attached to the
collagen matrix. Figure 3(b) demonstrates the appearance of a 12:1
mixture (NHK:II-4) which had been stripped of suprabasal cells
and appears as a cell monolayer on the collagen substrate. Suprabasal
cells detached as a sheet which was then trypsinized and single cells
grown at clonal density in submerged culture on a 3T3 feeder layer.
Cultures were grown for 2 wk and double stained with X-gal
and rhodamine to detect β-gal expressing II-4 cells and normal
keratinocytes, respectively (Fig 4). Expanded colonies of II-4 cells
were seen throughout the cultures (Fig 4, right side) and appeared
similar to cells isolated from pure II-4 organotypic cultures (Fig 4,
left side). A small number of larger colonies of pink-stained NHK
also grew from the disaggregated suprabasal cells from the 12:1
mixtures. The growth of II-4 cells in submerged culture which
had previously been suppressed by NHK in organotypic culture,
suggested that growth suppression of these cells was conditional on
the presence of normal tissue architecture. Furthermore, the capacity
of the II-4 cells to continue to expand when grown in the presence
of normal cells which were not contacting them, suggested that
II-4 cell growth suppression may be dependent on direct cell
contact and not on soluble factors present in the media. These data
show that the growth-inhibited II-4 cells are only transiently
withdrawn from the cell cycle when contacting NHK in 12:1
mixtures in organotypic culture.
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Figure 3. Mixed cultures of normal human keratinocytes and II-4 cells have normal morphology due to elimination of sorted, suprabasal
cells after stripping and regrowth in organotypic culture. Suprabasal keratinocytes were stripped from 5 d organotypic cultures of (a) 12:1 mixtures
(NHK:II-4) (d) 1:1 mixtures (NHK:II-4), and (g) pure II-4 cell cultures by incubation in low calcium media for 60 h as described in Materials and Methods.
Stripped cultures were bisected and one-half was paraffin-embedded and stained with hematoxylin and eosin. Stripped cultures showed a cell monolayer
which remained attached to its connective tissue substrate for (b) 12:1 mixtures (NHK:II-4) (e) 1:1 mixtures (NHK:II-4), and (h) pure II-4 cultures.
Upon regrowth in normal media for 10 d, both 12:1 and 1:1 cultures demonstrated normal stratification and morphologic differentiation and did not
show foci of dysplastic cells which had been seen before stripping (d, arrows) or in the regrown II-4 culture (j). This suggested that all II-4 cells had been
sorted to a suprabasal position in 12:1 cultures and were eliminated when these cells were stripped. Scale bar: 100 µm.
Growth-suppressed II-4 cells are actively sorted to a supraba-
sal position When relatively small numbers of II-4 cells were
added to tissue constructs (12:1, and 50:1, NHK:II-4), they were
most commonly detected as individual, suprabasal cells which
were sorted to a suprabasal position (Fig 1e, g). As this distribution
of II-4 cells was associated with their growth suppression when
surrounded by normal cells, it was important to characterize this
sorting phenomenon further. When the percentage of II-4 cells
retained in a basal position was determined, no II-4 cells were
detected in a basal position in 12:1 (NHK:II-4) mixtures whereas
8.2% of the total number of β-gal positive II-4 cells were retained
in a basal position in the 12:1 HaCaT:II-4 mixtures.
To substantiate further that II-4 cells were completely sorted to
a suprabasal position, stripped 12:1 (NHK:II-4) cultures were
regrown for 10 d and cultures were stained for β-gal both before
and after regrowth. Both the cell monolayer (Figs 3b and 5a) and
the normal stratified epithelium that was regrown from that
monolayer (Figs 3c and 5b) contained no β-gal positive cells.
Stripped 1:1 mixtures (NHK:II-4) (Fig 3e) contained occasional
B-gal positive cells in the monolayer (Fig 5c, arrow) and in the
suprabasal compartment after regrowth (Fig 5d, arrow). Interest-
ingly, these regenerated 1:1 cultures demonstrated a normal
appearing epithelium (Fig 3f) that was in contrast to the morphology
of the prestripped, 1:1 cultures which demonstrated abnormal tissue
architecture and dysplastic foci of II-4 cells (Fig 3d, arrows). Cultures
of dysplastic II-4 cells (Fig 3g) demonstrated a monolayer of β-gal
cells after stripping (Figs 3h and 5e) and showed a dysplastic, β-gal
positive epithelium after regrowth (Figs 3i and 5f). It was clear
that all of the II-4 cells were eliminated from the 12:1 mixtures
upon low calcium stripping, supporting the view these cells had
been displaced to a suprabasal position by normal keratinocytes
after 7 d in culture.
To determine the temporal progression of the sorting process,
12:1 mixtures (NHK:II-4) were studied at two points after seeding
on to the organotypic matrix. Sixteen hours after seeding, a
monolayer of keratinocytes was seen which contained a small
number of basal, β-gal positive cells (Fig 5g, arrows) amidst a large
number of normal keratinocytes. Two days later, all β-gal positive
cells had sorted to a suprabasal position (Fig 5h, arrows). This
supports the view that the suprabasal distribution of II-4 cells was
due to an active sorting process through which these cells were
displaced from their initial basal position.
DISCUSSION
Whereas much is known about the effect of genetic changes in
individual cells on the early development of skin cancer (Yuspa
et al, 1994), the regulatory role of interactions of such cells with
their neighbors or their connective tissue substrate on incipient
neoplasia is not well understood in stratified epithelium. Whereas
previous studies have described a suppressive role for normal cells
on the behavior of transformed cells, these investigations have
not been performed in dysplastic tissues with three-dimensional
architecture. As early neoplasia is expressed at the tissue level in the
context of normal cells, understanding the role of cell interactions in
early tumor progression requires models which respect cell context
and tissue organization. We have established novel human tissue
models which simulate intraepithelial neoplasia in stratified epithelia
to investigate the behavior of low-grade malignant keratinocyte
clones grown either in the context of normal or immortalized
keratinocytes. By genetically marking these malignant keratinocytes,
their fate and phenotype was monitored as they interacted with
other keratinocytes and with extracellular matrix components in a
skin-like tissue.
Our findings suggest that low-grade malignant cells may be in a
conditionally suppressed state which can be abrogated by alteration
or elimination of normal cell neighbors. In our study, the release
from normal cell context was accomplished by replacing adjacent
normal cells with immortalized HaCaT cells or by regrowing
previously suppressed II-4 cells in submerged culture at clonal
densities. This latter observation demonstrates that direct cell contact
in the intact tissue is likely to be needed for II-4 suppression as
these cells can grow when cocultured at clonal density with NHK.
It has been previously shown that direct cell contact is needed for
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Figure 4. Growth-suppressed II-4 cells can resume growth when
removed from organotypic cultures and grown as single cells in
submerged culture. Suprabasal cells from 12:1 (NHK:II-4) mixtures
were trypsinized and grown for 2 wk at clonal density in submerged
culture on a 3T3 feeder layer. Cultures were double stained with X-gal
and rhodamine to distinguish between the β-gal expressing II-4 cell
colonies (blue) and NHK colonies (pink). Expanded colonies of II-4 cells
were seen in cultures isolated from 12:1 mixtures (right) which appeared
similar to colonies isolated from pure II-4 organotypic cultures (left). A
small number of pink-stained NHK were grown from 12:1 organotypic
cultures. As II-4 cells were growth-suppressed when in contact with NHK
in organotypic culture but were able to grow when cultured as single cells,
it was determined that cell–cell contact was required for II-4 suppression.
the inhibitory effect of normal cells on transformed cells to be
manifested (Bauer, 1996).
The view that early neoplastic progression is conditional on the
microenvironment is also supported by the two-stage model of
mouse carcinogenesis, wherein initiated skin keratinoctyes appear
normal in the absence of promotion and in the appropriate cell
environment (Yuspa, 1981). It has been theorized that these
‘‘repressed, single mutant cells’’ are held in a nonproliferating state
by feedback from normal, differentiated cells (Yotti et al, 1979) and
these suppressive effects need to be overcome for neoplastic
progression to occur (Potter, 1980). Tumor promoters have been
shown to interfere in vitro with this inhibitory effect exerted by
normal cells (Herschman and Brankow, 1987; Fitzgerald and
Yamasaki, 1990). Promoting doses of TPA have been shown to
reduce significantly numbers of gap junctions in mouse epidermis,
suggesting that this decrease in cell communication may allow
expansion of previously growth-suppressed cells (Kalimi and Sirsat,
1984). We have recently shown that TPA can act as such a stimulus
which enables expansion of potentially malignant cells in a dysplastic
tissue by directly modifying the behavior of normal keratinocytes
adjacent to them (Karen et al, 1999). In this light, it appears that
clonal expansion of early stage transformed cells is directly dependent
on the phenotype of cells which are adjacent to them.
In addition, recent insights into the progression of ultraviolet
light-associated human skin cancer also emphasize that alterations
in the cell microenvironment may induce malignant change.
Clinically normal, sun-exposed human skin demonstrates clonal
clusters of keratinocytes demonstrating a relatively high frequency
of p53 mutations (Brash et al, 1991; Jonasson et al, 1996). It is
thought that additional ultraviolet-light exposure acts as a selective
pressure for neoplastic progression due to damage to the mutated
cell’s normal neighbors, which appear to create a permissive
microenvironment for clonal expansion (Brash et al, 1996; Brash,
1997). This view was suggested from insights gained from early
skin cancer progression in xeroderma pigmentosum (Trosko, 1981).
It was proposed that skin tumors in xeroderma pigmentosum arose
due to the expansion of surviving, initiated clones which were
‘‘forced’’ to repopulate sun-damaged, necrotic tissue. This view has
been generalized to other organ promotion studies, as well (Trosko
et al, 1983). We have attempted to simulate this environmental
‘‘damage’’ by generating tissue models in which malignant cells are
surrounded by immortalized keratinocytes. Indeed, clonal expansion
of malignant keratinocytes does occur when they are surrounded
by cells which are at an early stage of the transformation process.
The immortalized and malignant cell lines used in our studies
were the HaCaT cell line and a clonal derivative generated
by transfection with an activated c-Harvey-ras oncogene (II-4),
respectively. These well-characterized cell lines have been used as
they represent distinct, early stages in the transformation process
(Boukamp et al, 1990). The II-4 cell line displays severe dysplasia
in vitro and malignant behavior in an in vivo transplantation assay
(Javaherian et al, 1998). In contrast, HaCaT cells appear less
dysplastic in vitro, form a normally differentiated epithelium after
transplantation and represent an earlier stage of transformation than
II-4 cells (Boukamp et al, 1995). HaCaT cells do not undergo
complete differentiation (Fig 2) and do not generate normal tissue
architecture during their early stages of maturation (Breitkreutz
et al, 1998). It is possible that their inability to exert homotypic
control on the expansion of II-4 cells is due to this deficiency in
structural organization. This is in contrast to the normal tissue
architecture generated by NHK:II-4 mixtures which we have
shown to suppress the expansion of II-4. Alternatively, it is possible
that the lack of HaCaT differentiation prevents these cells from
exerting negative feedback on the proliferation of II-4 cells. Such
regulation of cell proliferation between phenotypically diverse cells
have been demonstrated in experimental hepatomas and supports
the view that cells whose differentiation has been blocked may be
unable to limit neoplastic progression (Potter, 1978).
It appeared that NHK could effectively compete with II-4 cells
for basal position and displace them as they preferentially attached
to the type I collagen matrix. The observation that sorted II-4 cells
were found as single cells in the context of NHK, suggested a link
between cell displacement and the failure of these cells to expand
in normal cell context. Our previous studies have determined that
when these potentially malignant II-4 cells detached from contact
with extracellular matrix they lost their survival advantage and
were desquamated after grafting to nude mice (Javaherian et al,
1998). In the presence of HaCaT cells, a higher percentage of II-
4 cells remained in a basal position, did not undergo terminal
differentiation and underwent clonal expansion. Cell–extracellular
matrix interactions have been shown to alter the malignant pheno-
type of potentially neoplastic breast cells (Weaver et al, 1997) and
restrict inappropriate cell growth by inducing apoptosis (Frisch and
Francis, 1994). In stratified epithelia, only those keratinocytes
interacting with basement membrane are division competent,
whereas keratinocytes distant from the extracellular matrix undergo
apoptosis (McCall and Cohen, 1991). Proliferation is normally
restricted to matrix attached cells (Pignatelli and Stamp, 1995;
Dowling et al, 1996) and it is thought that this anchorage-dependent
regulation of growth may influence the degree of epithelial dysplasia
seen in the tissue (Stoker et al, 1968). It has previously been shown
that when mixtures of transformed and normal tracheal cells were
inoculated into the lumen of a denuded trachea, transformed cells
survived only if they contacted the connective tissue substrate
(Terzaghi et al, 1978). Contact with the connective tissue interface
may therefore be essential in allowing premalignant cells to persist,
expand, and eventually invade.
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Figure 5. II-4 cells surrounded by normal
human keratinocytes are displaced from their
basal position through an active sorting
process. II-4 keratinocytes were mixed with NHK
at ratios of 1:1 (NHK:II-4) and 12:1 (NHK-II-4)
or grown as pure II-4 cultures for 5 d in organotypic
culture. Cultures were stripped by incubation in
low calcium media for 60 h as described in Materials
and Methods, bisected and one-half was
immunostained for β-gal expression. Stripped
cultures showed a cell monolayer which remained
attached to its connective tissue substrate and showed
no β-gal positive, II-4 cells in the 12:1 monolayer
(a), few β-gal positive cells in 1:1 mixtures (c, arrow),
and all β-gal positive cells in pure II-4 cultures (e).
Upon regrowth in normal media for 10 d, 12:1
cultures demonstrated no β-gal positive cells (b)
whereas 1:1 mixtures demonstrated individual β-gal
positive cells in the suprabasal layer (d, arrows).
Regrown pure II-4 cultures were repopulated with
all β-gal positive cells. This suggested that all II-4
cells had been sorted to a suprabasal position in 12:1
cultures and were eliminated when these cells were
stripped. In separate experiments, 16 h after seeding
12:1 mixtures (NHK:II-4) on to the collagen
substrate, several β-gal positive cells were seen in a
basal position. (g, arrows). 48 h later, these cells have
been displaced to a suprabasal position, suggesting
that sorting of II-4 cells was an active process. Scale
bar: 100 µm.
Most studies on neoplastic progression have focused on the
genotypic and phenotypic changes in transformed cells. Our findings
suggest that it is not enough for a cell to have malignant potential,
but it must be in a permissive environment for malignant progression
to occur. This confirms previous studies which have identified the
role of normal cells in the regulation of neoplastic phenotype and
extends these observations to stratified epithelia with intact three-
dimensional tissue architecture. Premalignant cells which cannot
compete for attachment to extracellular matrix may be displaced
and become candidates for suppression by normal cells in their
environment. In this way, stratified epithelium may intrinsically
eliminate small numbers of cells that have undergone the early
stages of malignant change. Whereas this appears to be the case for
the low-grade malignant II-4 keratinocytes, which represent an
early and defined stage of the transformation process, generalization
of this mechanism to keratinocytes at later stages of transformation
will require further study.
It appears that the NHK-induced growth control of clonal
expansion can be overcome by modifying the nature of the cells
in direct contact with them. We have shown that the positional
and behavioral fates of potentially malignant cells is dependent on
the nature of cell–cell and cell–matrix interactions and suggest that
the release of a potentially neoplastic keratinocyte from a repressed
state by modifying its microenvironment is central to the induction
of clonal expansion and early neoplastic change. By facilitating
clonal expansion, cells are now more likely to acquire additional
genetic changes, thereby leading to future malignant progression.
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